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The association of mutations in the PHD2 protein of the hypoxia-sensing pathway and erythrocytosis has only been established in
the last decade. Here we report the case of a novel PHD2 gene mutation in a patient with erythrocytosis and summarize all reported
cases to date. Case Report. A 55-year-old man presented with dyspnea and a previous diagnosis of idiopathic erythrocytosis. PHD
gene sequencing revealed a mutation on exon 2. The mutation was recognized as p.(Trp334”) (c. 1001G>A) resulting in a truncation
of a highly conserved amino acid residue in catalytic domain. A diagnosis of erythrocytosis secondary to mutant PHD2 gene was
made. Conclusions. Our findings indicate that with PHD2 mutations there is moderate erythrocytosis and erythropoietin (Epo)
levels are generally low to normal. Two patients with PHD2 substitution mutations were found to have paraganglioma and one
of these patients had a concurrent pheochromocytoma. In addition, one mutation was associated with sagittal sinus thrombosis.
Given the severity of some of the clinical features of these mutations, we conclude that clinical guidelines should include the PHD2

mutation in the idiopathic erythrocytosis workup.

1. Introduction

The human body is intricately adapted to respond to low
oxygen states. Hypoxia activates the hypoxia-inducible fac-
tor (HIF) pathway resulting in an increased production of
erythropoietin (EPO) which, in turn, activates red blood
cell production by binding receptors on erythroid progenitor
cells. The HIF pathway includes the HIF-« transcription
factor, the prolyl hydroxylase domain (PHD) protein family,
and von Hippel-Lindau tumor suppressor protein (pVHL).
There are three major isoforms of the PHD protein that
are capable of binding HIF-a, but PHD2 has been shown
to be the most critical protein taking part in the oxygen-
sensing pathway [1]. Under conditions of normal oxygen
tension, the PHD proteins hydroxylate HIF-« allowing for
the binding of the pVHL protein. Upon binding HIF-a,
pVHL forms an E3 ubiquitin ligase complex which allows
for HIF-a ubiquitination and subsequent degradation by
a proteasome. However, under hypoxic conditions, PHD2
reduces hydroxylation of HIF-«, allowing HIF-« to escape
ubiquitin mediated degradation. Subsequently, HIF-« acts

as a transcription factor and upregulates expression of EPO
gene resulting in increased EPO production. EPO is released
into the bloodstream, binds to the Epo receptor (EpoR), and
promotes growth and differentiation of erythroid precursors
in the bone marrow. This causes an increase in red blood cell
mass to compensate for the hypoxic condition.

The association of hereditary erythrocytosis with muta-
tions of the PHD2 gene (also known as the EGLNI gene)
has been previously reported [2]. The erythrocytosis occurs
by the decreased binding ability of the PHD2 protein and
subsequent increased activity of HIF-« [3]. Upregulation of
HIF-« increases red cell mass and may contribute to vascular
proliferation and cell growth [4]. This can lead to complica-
tions such as pulmonary hypertension and thrombophlebitis
[5]. There are also likely decreased interactions of the PHD2
protein with other binding proteins that may contribute to
erythropoiesis [6].

We report a patient with a novel PHD2 gene mutation,
p-(Trp334™), and review the literature with described PHD2
gene mutations.


http://dx.doi.org/10.1155/2016/6373706

Case Reports in Hematology

OPP909>

T —
[£1] 'Te 32 PIRYS-Tv (2L, s3R1IT0TIRN)d

SpIoe ourue
[eUTWLIR}-0) $GT
JO urewop onAejed
Ul UONJEOUNI],

SUON

juBRUIWOP
[ewrosony

sarwrojoqayd pue

‘surojdwfs [ensia
erdrefwory)ae
A10RTUTIRTIUT

(§z-9) 0'0T 261 W (#S) S

S

V<0665

[9] 232 2nospeT {(urD00zo1d) d

0-dIH
JO uoTeIAX0IpAY
pakepap
$asTNEd UOTIRINIA
SuoI p)) pue
U7 SAJe[aYD Jey)
9JIS WO} NPISAT
2UO pIok ouTWe
paarasuod AySry
JO uonNyIISqNg

JUON

V/IN

VIN

(52-9) 006 6.1 W (¥€) 7T

O<DILYD

[o1] Te 3 0191q1V {(stHZSTUID)d

urewop dnA[ered
[eUTULIN)-D)
PaAIaSUOD
pue urewrop
MNI[-1e8uy durz
ANAN [eUILIR)-N
w2MI2q
uonnnsqng

JUON

juRUTIOP
[ewrosony

V/N

(0€-9) 08 0.1 W (0F) 0F

O<DILYD

‘Te 39 019
[o1] Te 32 oxa1qLy {(stHZSTUID)d

urewop on4[ejes
[eUTWLIS}-D)
PIAIISUOD
pue urewop
N1[-1e8uy durz
ANAN [eUlttii=g-N
U29MJdq
uonmIIsqng

dLI9OA 2IVI
snog4zouwroy]

juBRUIWOP
[euwrosoiny

oprwreqredfxoIpAy
pue ‘sa1ur030qayJ
AreSowousyds
pue s1s034503N3[
‘s1s03£00qUUOIYT,

(0g-9) 06T 741 W (59) S9

(4

O<DILYD

[9] Te 19 anoape] (stHLSTUID)d

urewop onA[ered
[BUTULID}-D)
PIAIISUOD
pue urewop
I[-108uy ourz
ANAN [eululio;-N
udamlaq
uonmnsqng

dLIOA 2IVI
sno34zowor]

VIN

V/N

(S2-9) 092 70T W (V%) €F

([s1] 9TF-181 sonpisax
p1oe ourure woij
urewop dnAJered)

uonenw

pue sadueyd urajo1d

ADOURIRJY

21n1oN.1s
urajo1d 03 wonje[oy

suonjenuw
pajeroossy

;ouRILIdYUI
Jo spoIN

ejep
[e2TUTD JUBAS[Y

(1/9)

(/01 0dd qH

\Xos /a8y

IaquunN

“erurayAo4[od pue suonenwr Z7HJ YIMm sjuaned jo sonstv)oeIRy)) ] 14V],



Case Reports in Hematology

18
. D<D09L™D o13ATeIEd JO ANPISAI (52-9)
[9] Te 32 sno1pe] (stpszdsy)d parTasu0d A[g81y dUON V/N V/N [PWLI0U X7 6l N (8%) ST €1
Jo uonmnsqns
mﬁlomv 9)1s d1AeIed
eyep paysiqndun L<OGILD .
eprowy «( 6czu)d Jo uonenu SUON VIN VIN 8L N (8S) 7§ a
wza. oyusg * UOT}EOUNI],
sorwojoqayd
pajeadar ewoy
-£>oworypoayd
Lqes eworjSuegdered
@:m.m.EE& SSLISIp
1<DH7892 urajoad 1oage 0} Asuppy onsk>
(8] 'Te 30 Suex {(Iosezeery)d Ao s anpisa auoN V/IN wstproiAyjered (ST1€>) S°0F 091 4 (09) 91 I
paaTasuod ATydiy -BANE Areuipd
10 vOBTSqNS pue ‘suonejrdred
o ured 3sad
orpostda oypepeay
199] pue Y2312
paysny ‘a4 pay
s(¥102) E3) IRy V4 1:31:)
viep vusw:ﬁsmc: U&%wmo.u o. co.:ﬁ:E Juo sSayoepe #2)
eprowy {0z, sye1v £z781v)d ¥ ! N VIN [oepeaH VIN (241 W (F2) ve 01
pue ojuag UOTJEOUNI],
§(€102) 1<DI1992 s dnAfered QWOIPUAS .
ejep paysiiqndun (izzuo)d jo uoneIN duoN VIN SR (sT-9) €18 €81 W (16) 75 6
QI2quUIe * uoneOUNIy, ¢ :
<5019 1S d1AeIed
[61] Te 39 ojuag é< wo sky)d Jo uonenw auoN VIN 9SBISIP DRIPIED (sz-9)0Tr 002 W (97) 6 8
{(MIDFOTSAT onmnsqns
597609 )15 o1A[eIed Jo 1red upiidse
[81] '[e 10 OIIqIY ((skTe0zusy)d paazasuod A8y 1 uoxa-ZY v/ V/N pue Kworogaryd (sz-9) 0T 0€T N (08) 19 L
' v Jo uonmnsqns 9Feyriowof]
SpIoe ouruIe
. i D[PP909™d [BUIWIA-D) ST jueuILIOp e W
(LR PIUSTY o) Sarzomem)yd  jo urewop onferes UON - SAIW0}0Q2[Yd (ST-9) s 11 (55<) pe< 9
ur uoredundy,
([s1] 9TH-181 sonpisax
PIo OUILE o1 2InjONAS suoneInuI 9OUB)LIYUI ejep (1/9)
. 5 . '
R urewop JnA[eseo) uraoid o) woney pajerossy JO 9poIN [e2TUTD JUBAS[DY (1/01) 0dd qH WXes/aBY - 1aquiny

uonenw
pue sagueyd ura)oIf

"panunuoy) ;T ATAV],



Case Reports in Hematology

911S 2A1OE I8
2 Suneurprooo

Aaupry
[2] Te 3 4oxog D<0056 @Mm Mﬁ%@wﬂ duoN JHEHIHOP B pasreua (52-9) 9 SL1 N (0€) 0¢ |14
{(Brys1go1g)d DN [ewosony pue Koupny oy
980 ‘poe ourtie Jjuasqe ‘ersayisaled
paaTasuod ATydry
Jo uonmnsqng
9IS dAIJOR Je
od Suneurpiooo sarwojoqaryd
< s 105 aqrsuodsax JuRUIo pue ‘erdeyriousw
[2] e 10 4o1og . mo 20863 d ays 03 fyrurxoxd auoN nuop Jo A1o1s1q (sT-9) €9 081 d(92) 9T 0z
‘(81 L1€01d) 3507 ¢ [ewosony . d
> ‘proe ourwre snIqa[ydoquioIyy
paaTasuod ATydry [eroyradng
Jo uonminsqng
S aALoE 3¢ BUWOUIOIRD
2 Suneurpiooo Emwﬂﬁ. Toso
D<DOS6™ 10j 2qisuodsar jueurwop woIjy yjeap
(2] e 32 £o1d «3 . ays 03 Kyrurxord SuoN : VIN 081 W (S¥) ¥ 61
{(8rysigo1g)d . euIosony ue uorjedrpnep
A v 9SO[d "pIde ourwre I P uﬁ@uﬂaywﬁwﬁﬂ [
paazasuod ATydiy ‘ :
M ID[oWg
Jo uonnjsqng
ejep wm%ﬂﬂvsmcs L<OI162 o3 JnA[ered SHI[NOseA
AN {(napocord)d Jo uonenur dUON VIN T TL—— (ST=9)T9 081 d(87) 8% 81
pue £o194 uonmnsqng
urewop
. L<VTL8D o1A[ejed Jo anprsax jueuTawIop 3 .
[81] 'Te 32 0XIqIY (olI6zskT)d PAAIASUOIUOU QUON [Pwosoyny VIN (sT-9) 0°S LT N (8€) 6T Al
Jo uonnjsqng
H<DEcgs )15 d1)A[eIRD
[61] 'Te 30 OyuRg (BrveszA)d Jo uoneinw auoON V/N (52-9) 09 €81 N (59) 89 91
{(B1v$8TAID) wonmmsan
nmnsqng
VSUIly8-0%8™2 L
LR WIRUSTY ¢ gy ge8ry)d OUILUE [BUILLIR}-D) AUON VIN smuuL], VIN 8.1 W (27) Te <1
{(€ ,SJTYLIST3IV)
€¥1 JO uonedundy,
PIPPSES™ watosd
0] e 32 Buef ‘(eps Pm 6Lzno7)d TAHd Jo Ananoe auoN VIN Ioyoug (58270 €1 881 N (€2) €L !
£S5 on4[eyes Jo ssog
([sT] 9TH-181 sanprsaz
PIDE OUILIE Lol 2IN1oN.I)S suonenu dueILIdYUT ejep (1 \mv
. I3 . . 3
DUIFY urewop onAJered) uraj01d 0) vonERY PajeI0SSY 70 3poy [eo1UI] JUeAI[RY (T/01) Odd qu \XO8/28y  ToquInN

uonenw
pue sagueyd ura)oIf

"panunuoy) ;T ATAV],



. L<DT6ID urewop onj4[ejed JuBRUIOP sewordue [euax
[9] ‘e 32 anozpe ‘(,86¢81v)d Ur UOT)eOunIy, SUON [ewrosony pue JoAI] pajoadsng VIN o d(29) %9 o€
3urpuiq o4 sarwrojoqayd
) Suneurp1000 0} uonenw uorsuaytadAy
. O<VICITD SueSered .
[21] Te 32 anopeT (BrypLesin)d [e2LI> PIo® ouTUIe X2820 VIN eworSueere (52-6) 0'ST 70T W (€%) 0€ 67
: paazasuod ATydry snoSAzowor] ontoe-ered
JO uonNyIISqNg JULINONY
anprsax
S AR
Te 10 £o10 V<Ol I i auo ue SISOqUIOT -5) 0
[€] Te 32 45154 (STHTLE8IV) N V/N pue sisoquoiy} (st-9) 0Tt 88l N (8¢€) 6C 8T
(sTHI1ESTY)d ¢ ploe ourwre
snurs [epideg
paaTasuod ATydry
Jo uonmnsqns
anprsax
Sunepyo |, o]
. V<OTIID woiy Aeme sanprsax -
[9] 'Te 10 anopeT] (st1ze81v)d ¢ pro® ouTIe auoN VIN V/IN (62-¢) TewIoN 161 N (ST) L1 LT
paaTasuod ATydiy
Jo uonmnsqng
ejep wﬁ%ﬂ:&: L<OIIITD s ond[ere>
PN {(shorzg8ry)d wwmmmmsm SUON V/IN (52-6) 56 891 W (Lp) ¥ 9T
pue £oxoq Hmnsq
1S d1)AeIed
dn D
[61] e 10 o1uag {(81.51 %wowmwm A)d Jo uonenur aUON VIN VIL (§52-9) 66 L1 W (#20) 12 14
* UOTJeOUNI],
spioe
< o
[£1] Te 3 PIRYS-Tv AH nmo%mwv.m ourure [eurtLia)-0 SUON V/N SIT010q2[Yd (CralPA 8.1 d(s€) g€ g4
* 06 Jo uoresunIy,
urewop onATeed ur
V<DI00T aNPISaI PIOE OUTWIE. erwoyfo4Ajod o
(1aded styy) (peedir)d parzasuod A[g81y dUON sey 101 $aIW0)0qa[Yd (O1-%) €8 qIe N (SS) 6 €z
Ur UOTJeOUNIy,
urewop on4[eles
. D<L000T JO pro® ourure juBUIIOP .
[1Z] e 39 oruag {Grypeedir)d PaAIaSU0D ATySTy SUON [ewosoyny V/N (¥€—€) 09 LI d(1€) 1€ (44
Jo uonmnsqns
([ST] 9ZH-181 sanpisax
PIo OUILE o1 2In3onIs suoryeIN 2oUR)LIdYUI ejep (1/9)
. 5 . . m
el urewop JnA[eseo) urjoid 0) worjey pajenossy JO apoIN [BOTUI[D JUBAJ[RY (1701 0dd qH \XOS/E0V - daquinN

uoneynuw

pue sagueyd ura)oIf

Case Reports in Hematology

‘ponunjuo)) [ 41dV],



Case Reports in Hematology

10381y A[1urey 4q paUILI2}OP 2OUBILIIYUL JO SPOIN

[22] Te 12 a1pren) £q maraar ut paiduod raje] elep pe3si] $221M0s [eUISLIQ ¢

*(uworyeynur 10§ dnxyrom je a8e) sisouderp je um<//

urewop dn4[eles jo

DIVLITTD uornenur anpIsalr mo_EoHOn_Eﬂm
(81] 'Te 32 o13IqTY «(oezskT)d parzasuod A[g81y AUON VIN pue utidse (sT-9) 0°¢T vl N (08) 09 (43
)M pajealy,
Jo uonmjnsqng
. L<DT6ITD urewop dnArered jueuTawIop 3 .
[9] Te 32 2noipe] g6c8ry)d M — dUON - VIN (57-6) 59 €6T W (1) 92 13
([ST] 9zF—181 sonprsar
piov oufue woly 2IN1oN.I)S suonenu dueILIdYUT ejep (1 \mv
. 5 . : 3
PRI c_mgwwwmﬂmauv urdjoid 0] uoney parerossy Jo oapoN [eOTUI[D JUBAJ[Y (VD Odd qH WIS/REY - AaqumN

pue sagueyd ura)oIf

‘panunjuo)) [ 41dV],



Case Reports in Hematology

Our patient presented to our clinic in 2014 at the age
of 55 with recent onset of mild dyspnea and a diagnosis
of erythrocytosis since 2009. His medical history included
hypertension, hyperlipidemia, sleep apnea, atrial fibrillation,
and type 2 diabetes mellitus. His medications included
furosemide, enalapril, simvastatin, warfarin, aspirin, digoxin,
and metformin. He was a nonsmoker. He was treated with
phlebotomies in the past and his hemoglobin values had
fluctuated from 180 g/L to 215 g/L. His sister had hemoglobin
of 162 g/L. Otherwise family history was unremarkable.

Physical exam included temperature of 36.9°C, blood
pressure of 127/79 mmHg, pulse rate of 60 beats per minute,
and respiratory rate of 12 breaths per minute. Findings
included a mildly ruddy complexion, lungs clear to ausculta-
tion bilaterally, and irregular heart tones. There was neither
hepatosplenomegaly nor masses. Extremities revealed no
edema and lymph node exam was unremarkable. Neurologi-
cal exam was normal.

Investigations showed red cells count was 741 x 10*2/L,
hemoglobin was 194 g/L, white blood cell count was 6.5
x 10°/L, and platelet count was 255 x 10°/L. The oxygen
saturation was 98%, nocturnal oxygen saturation remained
above 92%, carboxyhemoglobin was 2.3%, and no abnormal
hemoglobin was detected on electrophoresis or isoelectro-
focusing. The Ps;, was 28 mmHg (24-30 mmHg) and ery-
thropoietin was 8.3IU/L (4.0-16.0IU/L). CT scan did not
show splenomegaly or intra-abdominal masses suspicious for
tumors.

Bone marrow aspirate showed normal maturation and
iron stores were present. Cytogenetic analysis did not reveal
any abnormal karyotype. JAK2V*""F mutation was not iden-
tified on exon 14; neither were JAK2 mutations found for
exons 8 or 12. HIF-2« (EPASI) and EPOR gene sequencing
did not reveal any mutations. However, PHD gene sequencing
revealed a mutation on exon 2. The mutation was recognized
as p.(Trp334™) (c. 1001G>A). A diagnosis of erythrocytosis
secondary to mutant PHD2 gene was made.

Currently, the patient remains asymptomatic.

2. Discussion

Patients included in this review had erythrocytosis and
mutations of the PHD?2 gene resulting in loss of function of
PHD?2 proteins. Familial cases suggest autosomal dominant
inheritance whereas the isolated cases are likely sporadic
germline mutations. There are twenty-five different muta-
tions reported of the PHD?2 gene: fifteen substitutions, five
nonsense mutations, and five frameshift mutations. Most
mutations involve evolutionarily conserved residues that
influence protein catalytic activity (see Table 1).

In the HIF pathway, erythrocytosis associated with HIF
and VHL proteins is associated with high EPO levels [7].
However, our findings indicate that, with PHD2 gene muta-
tions, EPO levels are generally low to normal. In our review,
twenty-one patients had normal EPO levels, four patients
had unexplained elevated levels, two had a low level, and the
rest were unknown. The low-normal EPO level in the face of
erythrocytosis in PHD2 mutants likely involves heightened

expression and sensitivity of EPO receptor and HIF regula-
tion [8]. The heightened EpoR sensitivity and expression are
presumably a result of PHD2’s regulation of HIF and PHD2’s
interaction with other binding proteins besides HIF [6].

The association of tumorigenesis and germline mutations
of proteins in hypoxia-sensing pathway has already been
well established [9, 10]. The most well-known syndrome to
associate erythrocytosis and tumorigenesis is von Hippel
Lindau disease, but mutations in PHDI and HIF2a (EPASI)
are also implicated in tumorigenesis [8, 11]. In our review,
we found two patients with PHD2 substitution mutations
who had paragangliomas and one of these patients had a
concurrent pheochromocytoma [8, 12]. Furthermore, PHD2
germline mutations can have oncogenic potential in vitro [13]
and analysis of paraganglioma cells suggests PHD2 may have
tumor suppressor activity since the tumor cells showed loss
of heterozygosity of wild-type PHD2 allele [6]. Suppression of
tumor growth may be related to the PHD2 gene’s regulation
of various cytokines [14]. These observations suggest that
therapeutic guidelines regarding the diagnostic workup of
idiopathic erythrocytosis need to consider the possibility of
these autosomal dominant mutations and may benefit the
family members by providing early detection of tumors. In
addition, the association of a PHD2 substitution mutation
and sagittal sinus thrombosis warrants search for thrombotic
risks of such mutations [3].
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